INTRODUCTION
The availability of low cost desktop size three dimensional (3D) printers has increased due to easy availability and their ability to customize object printing to exact specifications based on CAD drawings. This availability for use in non-industrial settings (offices and homes) may create an environment where poor ventilation and limited health and safety controls exist; thus, there may be an increased risk for adverse health effects, particularly if the user is in close proximity to emissions, the zone of highest exposure. While 3D printers are becoming more accessible and widely used in professional and personal applications, studies depicting the potential health effects and indoor air quality implications are still emerging.
When reviewing regulatory limits on particle exposure, the United States Occupational Safety & Health Administration (OSHA) defines nuisance dust, Particulates Not Otherwise Regulated (PNOR), into two categories: total dust Initial studies of 3D printers classified particulate emissions primarily in the ultrafine range. [3] [4] [5] Ultrafine particles (UFD) are defined as those with a diameter less than 0.1 mm. Ultrafine particles contribute negligibly to PM 2.5 mass but contribute significantly to the particle number concentration. 6 Therefore mass based measurements may not be appropriate to measure exposure, and subsequent exposure assessment to 3D printer emissions.
Ultrafine particulate air pollution is associated with a variety of adverse health effects in the scientific literature. 7, 8 Ultrafine particles cause more respiratory system inflammation than larger particles in rodent studies and UFP surface properties greatly influence toxicity. 8 Mass based measurements do not consider number count or surface properties of particulates. Further, epidemiological studies have associated increased particulate exposure and adverse health effects on those people with pre-existing respiratory and cardiovascular diseases. 8 Due to the primary particulate emission of 3D printers in the UFP range with the increasingly associated health effects, this size range is significant to characterize in desktop 3D printers.
The printers used in this study use additive manufacturing where a filament of acrylonitrile-butadiene-styrene (ABS) or polylactic acid (PLA) is fed at a constant rate, extruded at a set temperature, and builds the selected object layer by layer, on a heated plate. Thermal oxidative degradation of filament material during heating and extrusion are known to release a variety of irritants and systemic toxins in low amounts. 9 It is not clear what physical form these low level combustion degradation products may take. One study noted that emissions consisted of volatile droplets with little solid matter. 4 The purpose of this study was to characterize particle emissions from two widely used 3D printers whose price point makes them attractive to businesses and consumers.
METHODS
The 3D printers chosen were based on availability at Oak Ridge National Laboratory. Multiple research groups use various 3D printers; the Maker Bot and Da Vinci XYZ were chosen according to their common use, price point, and availability for testing purposes. Current literature depiction of 3D printer emissions in the UFP and nanoscale range led investigators to use the U.S. Department of Energy (DOE) Approach to Nanomaterial ES&H industrial hygiene sampling protocol. 10 The investigators of this study developed the initial DOE industrial hygiene sampling protocol and have made multiple revisions (not yet available to public) based on new air sampling equipment that is better able to resolve UFP and nanoscale materials. The DOE protocol focuses on collecting size and number concentration of particulates to characterize the aerosol exposure as well as microscopy to provide morphology and elemental analysis. NIOSH identified tools for exposure assessment that are similar to the DOE protocol; however air sampling equipment to measure UFP and nanoscale aerosols have improved tremendously since these protocols were published.
11 NIOSH also has a protocol for carbon nanotubes and carbon nanofibers that is mass based; however, it does not cover other nanoscale materials. 12 The methodology used in this study was based on these protocols and new aerosol monitoring equipment.
Two different 3D printers were used in testing. The Makerbot Replicator 2X printer was run at 180-230 8C, feed rate of 40 mm/s with a polylactic acid (PLA) filament. This singular run, approximately 60 min, printed multiple objects. The Makerbot data was included as the pilot study to refine a sampling strategy and protocol. Makerbot data is included for reference, particularly to demonstrate the concentration maps in a well ventilated space.
The primary ''test'' printer was a Da Vinci XYZ model 1.03D. Initially the printer was run with different objects and run times to identify a standard object that could be printed consistently (keychain was chosen). The test printer was operated at a printing temperature of 213 8C using an acrylonitrile-butadiene-styrene (ABS) filament. These are fixed parameters for this particular printer. The resolution was set at best quality (Fine 0.1 mm) resulting in the longest printing times. Filament feed rate is a variable function of the part being printed, as is the amount of filament used. The test printer did not provide the precise amount of filament used. Therefore, the same part was printed for all of the trial measurements (n = 10), thereby keeping filament quantity and print time constant.
Instrumentation used to characterize particle count and size in this study included condensation particle counters (CPC) (measured #/cc at various locations for Makerbot and test printer); a TSI scanning mobility particle sizer (SMPS) 3080 equipped with either a long differential mobility analyzer (DMA) (TSI 3081) or nano DMA (TSI 3085) (measured #/cc and mg/m 3 from 2 nm to 300 nm at various locations for test printer only); a TSI optical particle sizer (OPS) (measured #/cc and mg/m 3 from 300 nm to 10 mm at various locations for test printer only); and the TSI Mim2 software to merge data from the SMPS and OPS. In order to characterize particulate emissions from 3D printers, instrument data was used to develop the following: particle size and concentration comparisons during the heating and printing process and concentration maps. Figure 1 provides an overview of equipment, data and subsequent analysis. Since no single method of analysis is competent to evaluation UFP and nanoscale materials, microscopy was also used. 13 
Particle characteristics and mapping
Particle concentration measurements (#/cc) were performed with three TSI model 3007 condensation particle counters (CPC) for both the MakerBot and test printer. Time series measurements were collected inside and outside the test printer enclosure. The monitoring position outside the enclosure was located at a point representative of the breathing zone (BZ) of a person sitting at the table where the printer was located. Background particulate concentrations were determined prior to filament heating and extrusion. Room concentration maps during printing (based on initial testing that this produced highest number concentration) using 3DField mapping freeware 14 and a handheld CPC were developed.
For the test printer runs only, particle number and mass concentration by size was determined using a combination of scanning mobility particle analyzer, including a TSI SMPS 3080 equipped with either a long differential mobility analyzer (DMA) (TSI 3081) or nano DMA (TSI 3085). The long DMA and nano DMA were alternated in order to obtain particle sizes from 2 nm to 300 nm. A TSI optical particle sizer (OPS) was simultaneously run to measure particle size information from 300 nm to 10 mm. TSI's merging software (Mim2) was used to combine the small fraction mobility diameters with the large fraction optical diameters into one normalized particle size distribution as either DN/Dlog d p or DM/ Dlog d p . These instruments also provided corresponding number and mass concentrations using TSI algorithms provided in their internal Mim2 software. These instruments were run inside and outside the test printer enclosure (n = 10) and reported data averaged.
In summary, the CPC concentrations were used to develop number concentration data to establish exposure assessment. The measurements from the SMPS and OPS were used to develop size selective number and mass concentration data for exposure assessment (e.g. breathing zone, inside vs. outside test printer enclosure).
Microscopy and chemical analysis
Methods to characterize the morphology and nature of the particles emitted from the printing process followed Department of Energy and NIOSH guidelines.
10,11,13
Large particles were collected on glass coverslips using a single stage inertial impactor 14 and examined under a light microscope at 40, 100, and 400Â to view physical characteristics such as size, shape, and liquidity. These particles were also examined by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) with a Bruker Vertex 70/OPUS spectral library for tentative substance identification; additional analysis was not performed at this time to confirm substance identification. Aerosol was also collected on transmission electron microscope (TEM) grids (nickel mesh with carbon film) using a thermophoretic sampler, inside the printer enclosure, developed by RJ Lee, to obtain high resolution images of the smaller particles, and determine elemental composition by energy dispersive analysis of X-rays (EDAX) as part of the particulate characterization process. 15 
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A direct reading photoionization detector (PID) with a particulate filter was located inside the printer enclosure to detect any gaseous emissions during printing with test printer (detection limit nominally 0.01 ppm as isobutylene). A direct reading nondispersive infra-red analyzer with particulate filter (Foxboro Sapphire) was also used to probe the test printer enclosure during printing.
RESULTS

Particle characteristics and mapping
The Makerbot pilot study used the CPCs to measure particle number concentration throughout the printing process ( Figure 2 ). During the time depicted, several different ''runs'' occurred due to filament issues. Spikes represent initial heating and printing of different items. In Figure 2a , a time study of all monitoring using CPCs is expressed such that the process CPC was placed inside the MakerBot enclosure during printing; the computer CPC represents the breathing zone, and the cart CPC represents conditions in lab away from MakerBot printer. In Figure 2a , the number concentration in the breathing zone and lab conditions is difficult to discern due to high concentration inside the printer enclosure. For better resolution, Figure 2b only represents the breathing zone and lab conditions. During filament heating, particle concentration exceeded [ 1 4 _ T D $ D I F F ] 250,000 #/cc inside the enclosure and 4,000 #/cc outside the enclosure (breathing zone and lab). Higher printing temperatures resulted in higher number particle concentrations. The TSI CPC 3007 measured everything from 10 nm to >1 mm but there is no size distribution available with these instruments.
Particle number concentration maps were developed for each printer during the print phase. The number of air changes/hour (AC/hr) was calculated for each room to demonstrate ''poor'' and ''good'' ventilation. 16 While the number of air changes/hour is considered a poor basis for industrial ventilation due to its limited impact on contaminant control, it can be used as an easy method of comparison, especially for non-industrial or indoor air quality. 17 Breathing zone number concentration maps from a well-ventilated laboratory (10 m Â 10 m Â 6 m, 20 AC/hr) during a routine Makerbot printer operation using polylactic acid filament (PLA), printer top removed, were developed during the background (before printer was turned on) and printing stages ( Figure 3) . Air concentrations reached a nominal 3,000 [ 1 6 _ T D $ D I F F ] #/cc close to the printer, but fell off rapidly with distance from the printer. Approximately 3/4 of the room maintained particle concentrations at or near background levels.
The test printer was located in a poorly ventilated storage room (3 m Â 9 m Â 6 m, 1.8 AC/hr), and used acrylonitrile-butadiene-styrene filament (ABS) with printer fully closed (as manufacturer designed), but not air tight. Rapidly, particles built up in the breathing zone near the printer to 10 Figure 4 ). With increased printing time (middle to end of the 60 min printing cycle), the surrounding room concentration reached 10 4 particles/cc as well.
The remaining results apply to the Da Vinci XYZ test printer. Particle size and concentration numerical data is presented in Table 1 depicting use of test printer (ABS) in a poorly ventilated space. Table 1 depicts the specific aerosol parameters obtained from the SMPS inside and outside the test printer enclosure, providing an enclosure reduction factor. During heating and printing, the highest number and mass concentration, the enclosure (keeping 3D printer door closed) provided approximately 95% reduction in the number and mass concentration, thus reducing exposure to individual using the printer and others in the area. Figure 5 graphically depicts the number concentration over a variety of printing conditions (warm-up, initial printing, continued printing, and cool-down). Each line represents a different run of all printing conditions (n = 10). [ ( F i g u r e _ 3 ) T D $ F I G ] over an entire run (all printing conditions) using the Nano DMA (3-100 nm size resolution). The x-axis depicts the mobility median diameter (dp 50 ) from 1 to 100 nm, the y-axis depicts particle concentration (#/cc) and cumulative percentage respectively. As depicted in Figure 5 , the dp 50 diameter of approximately 10 nm has the highest concentration (10 7 [ 1 7 _ T D $ D I F F ] #/cc) and particles with a dp 50 diameter 10 nm account for approximately 40% of particle number count. Note all particles in Figure 5 are in the respirable region and have the potential to travel to the alveolar region of the respiratory system; they also can be classified as UFP and/or nanoscale. Figure 6 used the TSI SMPS 3080 and TSI OPS, along with Mim2 software to characterize aerosol from 1 to 10,000 nm in theoretical operator breathing zone. Figure 6 further confirms that majority of particulates, measured both as number count and mass, are in the UFP range. In Figure 6a , particle mobility diameter is almost entirely (99%) within the UFP classification. Particles collected near the printer in the theoretical breathing zone of someone monitoring the operation are also presented as a normalized number distribution (Figure 6b) ; the aerosol had a bimodal distribution with modes at approximately 7 and 15 nm. This was typical of BZ values for most printing runs in the early stages of extruder heating and printing. As time of printing progressed, often the particles [ grew in size to between 20 and 30 nm (not depicted). Sixty-eight percent of the particle mass was present as UFP (Figure 6c) . The normalized size distribution of particle mass presented as bimodal with the largest mode at about 90 nm and a second, smaller mode centered at about 230 nm (Figure 6d ). 
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Microscopy and chemical analysis
Light microscopy at 400Â was used to examine the large particulate fraction to confirm the suspected liquid nature of the aerosol (Figure 8 ).
Transmission electron microscopy (TEM) with energy dispersive analysis by X-ray was used to examine the smallest particles of the aerosol as well as to identify elemental composition ( Figures  9 and 10) . The TEM provided insight into the morphology and agglomeration of the particulates. Table 2 lists the elements identified by EDAX. In Table 2 , the number 1 indicates the most abundant element and 5 the least abundant element found. EDAX depicts elements and their relative importance; in Figure 10 , EDAX identified titanium (previously used in this area but not part of PLA filament.) ABS materials identified by ATR FTIR and its reference spectral library were: cyclohexane, n-decane, ethylenepropylene-diene terpolymer, 1-decanol, and isocyanic acid (Table 3) . A PID inside the printer enclosure failed to detect any gaseous emissions during printing. The Foxboro Sapphire was also used to probe the enclosure during printing and also failed to detect any gaseous emissions.
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DISCUSSION Particle characteristics and mapping
In both the Makerbot and test printer runs, particle concentration increased in the room (Figures 3 and 4) with respect to background. During the 3D printing process particle concentration and size are seen to vary (Table 1 and Figures 2, 5-7) with the operation/time in the printing process. Note in particular the differences in the mode and dp 50 particle sizes in Table 1 . Since the mode is less affected by extremes in the size distribution, it may be a better indicator of the size of the particles produced; the geometric mean and standard deviation being relevant as an overall description of the aerosol. In either case the majority of the particles fall into the ultrafine category, an area under study for potential health effects. Note the bi-modal distributions for both number and mass ( Figure 6 ). The test printer initially heats to 220 8C to clear the nozzle prior to printing at a nominal 213 8C. The change in number concentration between heating and printing is believed to be due to a combination of the location of the sample collection point, the rapid movement of the printer head (stirring) which is stationary until printing begins, and the intermittent nature of filament feeding [ ( F i g u r e _ 9 ) T D $ F I G ] Figure 9 . ABS TEM/EDAX particle examples.
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as the part is constructed. Among all the variability, a large enclosure effect seems evident and consistent over the process. Table 1 also demonstrates the effectiveness of the enclosure reducing the particle count in the BZ. Concentrations in the BZ consistently reached 10 5 #/cc in close proximity to the test printer; while averages were somewhat lower ( Figure 7 and Table 1 ). Particle mapping demonstrated concentration build up throughout the poorly ventilated room while staying localized around the printer in the highly ventilated laboratory (Figures 3 and 4) . These demonstrated the importance of the enclosure around the 3D printer and having adequate general dilution ventilation to reduce particulate concentrations.
A variety of materials in the aerosol particulate phase were identified (Figures 9 and 10 ; Table 2 ). The aerosol mass concentrations estimated with the SMPS and OPS, boiling points of putative chemicals, and the particulate photomicrographs collectively suggest a liquid and solid aerosol structure (Figures 8-10 ). As part of the exposure assessment, possible chemical emissions in the gas phase were evaluated. In current literature, none of the chemicals released by thermal oxidative decomposition were found in measurable quantities by our techniques at printer temperatures used in experimental conditions. The particles themselves contained individual and aggregated particles highly suggestive of combustion (Figures 9 and 10 and Table 2 ) accompanied by a variety of metallic elements. This is consistent with low level thermal degradation of carbon-based materials. Therefore, the low gas/vapor concentrations (demonstrated with PID) and high particulate loading suggest the exposure assessment for the 3D printing could focus on UFP particulates and draw on the health effects associated with UFP found primarily in indoor and outdoor air pollution studies related to combustion processes. Of the many reviewed papers, only one stipulated a no observed adverse effect level (NOAEL) of 10 mg/m 3 for healthy non-smoking individuals; this did not include populations at risk, such as asthmatics. 26 The mass concentration average in the BZ while printing is lower than the stipulated NOAEL for combustion type particulate.
Another study, presented by Wright, reported very low concentrations of styrene, ethylbenzene, formaldehyde, and acetaldehyde for a small printing process (255 8C) in relation to occupational exposure limits. 18 Figure 11a and b contains Wright's reported concentrations for styrene and acetaldehyde on health effects graphs. In both cases possible exposures were below any adverse effect levels presented as C n Â T curves. However, several previously unreported substances were identified in the liquid phase particulate collected by impaction 19 and identified by FTIR spectroscopy in this study. Of these, cyclohexane and isocyanic acid (Figure 11c and d) were selected for further hazard analysis because of their presumed toxicological relevance. Since these materials were not collected in such a way as to be quantifiable, it was assumed the total mass concentration estimate of 2 mg/m 3 determined for the printing process, was composed entirely of one substance to the exclusion of all others. These values were then ABS  1  2  3  3  4  3  4  --4  4  PLA  1  2  5  4  --3  5  5   a   -5 a Present as a contaminant from a previous specialty filament used. ) below the occupational exposure limit established by the Occupational Safety and Health Administration. Although not enumerated here, this was also the case for the reported concentrations of styrene, formaldehyde, acetaldehyde, and ethyl benzene. 18 Our finding of the possible presence of isocyanic acid is consistent with other reports of low temperature combustion byproducts. 20, 21 Isocyanic acid may be of special concern because of the low levels suggested as potentially detrimental. Exposures >1 ppb (1.76 mg/m 3 ) isocyanic acid and cyanate ion (NCO À ) have been associated with atherosclerosis, cataracts, and rheumatoid arthritis in humans. 21 Isocyanic acid is also under consideration as a possible respiratory irritant and sensitizer. 22 Again if the total mass printing emission estimate were due to isocyanic acid, the Swedish exposure limit of 18 mg/m 3 established on the basis of di-isocyanate sensitization would not be exceeded (Figure 11b ). 23 Another compound found by FTIR analysis was n-decane. Researchers experienced mild eye irritation accompanied by a chemical odor during the test printer investigation. Anecdotally these same two signs accompany most ABS filament printing operations. This effect is consistent with a finding of eye irritation bio-markers in human exposure trials with n-decane. 24 The limitations of this study include issues related to lack of standard protocol and toxicology information. While the purpose of this study was to develop an exposure assessment, there are no standard industrial hygiene protocols (e.g. NIOSH analytical methods) to ensure all emissions are collected in a uniform manner for easy comparison between studies. This is further exacerbated by the aerosol air monitoring equipment availability and cost. In the test printer design in this study, a TSI SMPS (mobility diameter) and TSI OPS (optical diameter) were measured and merged in the Mim2 software. The accuracy and effectiveness of the software merging process has not been experiementally tested outside of the manufacturer. Further, since particle emissions are in the UFP and nanoscale, mass is decreasingly important, number count and other properties (surface area, surface charge) become more critical to anticpiation of health effects. There is increasing data of potential health effects of UFP and nanoscale particulates, but few studies have been completed focusing on 3D printers. Further, the use of 3D printers is increasing, yet there are no guidelines on sound industrial hygiene controls. Isolation is an effective control, if printer has an enclosure and consumer uses it regularly (Table 1) . General dilution ventilation can also decrease emissions if printer is used in an area with ''good'' ventilatilon ( Figures 3 and 4) ; the effectiveness of ventilation is not likely known by a consumer. In this study one run was completed each day; this study does not address potential build up of aerosol if multiple objects are printed consecutively without adequate ventilation. This study did not demonstrate any exposure over regulatory limits (OSHA, EPA) or health effects ( Figure 11) ; however, the print time and frequency was limited and may not be generalizable to other 3D printers and their subsequent use. Based on these limitations and the number of replications performed (n = 10 for test printer) in this study, the literature is ripe for additional investigations. Additional printing trials at different extrusion temperatures, feed rates, filament sizes and types would aid in providing better estimates of both mass and particle generation rates for future modeling.
When developing future studies for 3D printing, chemical exposure assessment may also be important to explore. Literature to date shows that chemical exposures do not appear to be of significant concern, with the possible exception of isocyanic acid found in this study. New information continues to emerge as the analytical methods for detection improve. Studies to confirm or reject the presence of isocyanic acid should be undertaken. If confirmed, the presence of isocyanic acid or ndecane may provide an explanation for the odor and mild eye irritation experienced during ABS filament printing. One study indicated that an indicator for ABS was styrene and an indicator for PLA was methyl-methacrylate (MMA). 4 Further studies may test the relevance of using these chemicals as indicators, as well as conducting industrial hygiene monitoring to determine concentrations of cyclohexane and n-decane.
The cancer risk associated with printer particulate emission seems reasonably low. However, carbon agglomerates, along with some of the metals identified, suggest an aerosol capable of generating reactive oxygen species. 26 This is another area that should be studied further as a mechanism of producing inflammation. Risk of adverse health effects based on mass concentration levels appears to be low from 3D printing when compared to the NOAEL for ultrafine combustion particulate. The Rochester PM Center provides an excellent compilation of Source-Specific Health Effects of Ultrafine/Fine Particles; however, risk based on number concentrations remains difficult to define. 6, 27 The National Institute for Occupational Safety and Health set a recommended exposure limit carbon nanotubes and carbon nanofibers of 1 mg/m 3 as an 8-hour time weighted average (TWA) measured as elemental carbon in the respirable size fraction. 12 Again, this is a mass based limit and does not account for number count, an area ripe for future study.
Initial particle size is difficult to know beyond the fact that with a nano DMA (2 nm size limit) particles in the 5-7 nm range were observed, but not with the SMPS (10 nm size limit). Even with the larger size detection limit devices; there was evidence of rapid agglomeration (Figures 9 and 10) . Printers with nonair tight enclosures reduce particle emissions substantially, but do not entirely eliminate UFP emissions. Rapid agglomeration may help explain the printer enclosure effectiveness in reducing number concentrations outside the enclosure. Regardless, it is recommended that printers without enclosures be restricted to use in large, highly ventilated spaces. Before use by asthmatic or otherwise atopic individuals, consideration should be given to incorporating local exhaust ventilation to further reduce emissions. Since the UFP fraction is essentially airborne (low sedimentation and inertia) capture velocity is less important than maintaining the printer enclosure under slight negative pressure with respect to the surroundings.
Any addition to the UFP aerosol in the home or work environment from 3D printers, somewhat similar to combustion aerosols, should be undertaken only after serious consideration. Both indoor and outdoor air pollution studies of UFP consistently associate a variety of adverse health outcomes to increases in UFP. 27, 28 [ 2 0 _ T D $ D I F F ] The size detection limit and maximum concentration limit before significant coincidence effects become prominent in many available direct reading particle counters may lead to an underestimate of the number concentration, and further research is needed to address these conditions. However, these instruments are superior to mass measurement devices for UFP aerosols which typically have detection limits above the mass concentrations of these small size particles.
CONCLUSION
The purpose of this study was to perform an exposure assessment of consumer 
